We identify galaxy groups and clusters in volume-limited samples of the SDSS redshift survey, using a redshift-space friends-of-friends algorithm. We optimize the friends-of-friends linking lengths to recover galaxy systems that occupy the same dark matter halos, using a set of mock catalogs created by populating halos of N-body simulations with galaxies. Extensive tests with these mock catalogs show that no combination of perpendicular and line-of-sight linking lengths is able to yield groups and clusters that simultaneously recover the true halo multiplicity function, projected size distribution, and velocity dispersion. We adopt a linking length combination that yields, for galaxy groups with ten or more members: a group multiplicity function that is unbiased with respect to the true halo multiplicity function; an unbiased median relation between the multiplicities of groups and their associated halos; a spurious group fraction of less than ∼ 1%; a halo completeness of more than ∼ 97%; the correct projected size distribution as a function of multiplicity; and a velocity dispersion distribution that is ∼ 20% too low at all multiplicities. These results hold over a range of mock catalogs that use different input recipes of populating halos with galaxies. We apply our group-finding algorithm to the SDSS data and obtain three group and cluster catalogs for three volume-limited samples that cover 3495.1 square degrees on the sky, go out to redshifts of 0.1, 0.068, and 0.045, and contain 57332, 37938, and 18959 galaxies, respectively. We correct for incompleteness caused by fiber collisions and survey edges, and obtain measurements of the group multiplicity function, with errors calculated from realistic mock catalogs. These multiplicity function measurements provide a key constraint on the relation between galaxy populations and dark matter halos.
INTRODUCTION
Galaxies are gregarious by nature. Bright galaxies typically reside in groups or clusters, surrounded by less luminous neighbors. Interactions within the group or cluster environment may have important effects on the star formation history, morphology, dynamics, and other properties of member galaxies. Characterizing the relation between galaxy properties and their group environment is thus a key step in understanding galaxy formation and evolution. At the density thresholds often used to identify groups, most members should belong to the same, gravitationally bound dark matter (DM) halo. 16 Recent approaches to describing the relation between galaxies and DM focus on galaxy populations of DM halos as a function of halo mass. Specifically, the bias of a particular class of galaxies can be characterized by its Halo Occupation Distribution (HOD), which specifies the probability distribution P (N |M ) that a halo of mass M contains N such galaxies, together with relations describing the relative spatial and velocity distributions of galaxies and dark matter within halos (Berlind & Weinberg 2002 and references therein) . A well defined group catalog with well understood properties can play a central role in the empirical determination of this relation.
This paper presents a group and cluster catalog defined from the Sloan Digital Sky Survey (SDSS, York et al. 2000) . While this catalog is useful for many purposes, our overriding objective is to obtain a well understood measurement of the group multiplicity function (the space density of groups as a function of richness), with the goal of determining the HOD in the high mass regime (Peacock & Smith 2000; Berlind & Weinberg 2002; Marinoni & Hudson 2002; Kochanek et al. 2003; Lin et al. 2004) . With this objective in mind, we have adopted a simple groupfinding algorithm, friends-of-friends in redshift space (Huchra & Geller 1982) , and carried out extensive tests on realistic mock catalogs in order to assess its performance and optimize parameter choices. We apply the group-finding algorithm to volume-limited samples of galaxies so that the resulting group statistics characterize the clustering of well defined populations of galaxies.
Galaxy clusters have been the focus of study since they were first seen on optical photographic plates (Shapley & Ames 1926) . Zwicky (1937) pioneered the study of clusters as dynamical objects by using imaging and spectroscopy of the Coma cluster to estimate its mass. However, the most influential pioneering work on clusters was done by Abell (1958) , who assembled the first large sample of galaxy clusters. The Abell catalog of rich galaxy clusters (Abell 1958; Abell et al. 1989 ) was created by eyeball identification in the Palomar Observatory Sky Survey and it spawned numerous follow-up studies. de Vaucouleurs (1971) shifted focus to poorer systems by studying nearby groups of galaxies. Gott & Turner (1977b) made the first measurement of the group multiplicity function using the (Turner & Gott 1976 ) catalog of groups selected based on the projected surface density of galaxies.
With the advent of large redshift surveys, group identification became three dimensional and thus less subject to projection effects. Group-finding in redshift space was pioneered by Huchra & Geller (1982) and Geller & Huchra (1983) , using the Center for Astrophysics (CfA) redshift survey. Subsequent versions of the CfA redshift survey were used to identify groups by various authors (Nolthenius & White 1987; Ramella et al. 1989; Moore et al. 1993; Ramella et al. 1997) . Other redshift surveys that spawned group catalogs were the Nearby Galaxies Catalog (Tully 1987), the ESO Slice Project (Ramella et al. 1999) , the Las Campanas Redshift Survey (LCRS) (Tucker et al. 2000) , the Nearby Optical Galaxy Sample (NOG) (Giuricin et al. 2000) , the Southern Sky Redshift Survey (SSRS) (Ramella et al. 2002) , the 2dF redshift survey (Merchán & Zandivarez 2002; Eke et al. 2004; Yang et al. 2005) , and even the high redshift DEEP2 survey (Gerke et al. 2005) .
There have been several efforts to detect clusters in the SDSS to date, most of them using the photometric data rather than the redshift data. Annis et al. (1999) developed the maxBCG technique, where Brightest Cluster Galaxy (BCG) candidates are identified based on their colors and magnitudes and other cluster members are selected from nearby galaxies that have the colors of the E/S0 ridgeline. Kim et al. (2002) developed a hybrid matched filter (HMF) technique that assumes a radial profile for clusters and convolves the data with that filter. Goto et al. (2002) developed the cut-and-enhance (CE) method, which selects overdensities of galaxies that have similar colors. All these techniques were applied to the early SDSS commissioning data (Bahcall et al. 2003; Goto et al. 2002) . Lee et al. (2004) identified compact groups by looking for small and isolated concentrations of galaxies in the SDSS Early Data Release (EDR; Stoughton et al. 2002) . Cluster searches in the SDSS redshift survey have also been carried out. Goto (2005) used a friends-of-friends algorithm (though with linking lengths that do not scale with the changing number density of galaxies due to the flux limit) to identify clusters in the SDSS Data Release 2 (DR2; Abazajian et al. 2004 ). Merchán & Zandivarez (2005) used a friends-of-friends algorithm to identify groups in the SDSS Data Release 3 (DR3; Abazajian et al. 2005a ). Weinmann et al. (2005) used the Yang et al. (2005) algorithm to identify groups in SDSS DR2. Miller (2005) developed the C4 algorithm for finding clusters in redshift space and also applied it to the SDSS DR2. The C4 algorithm looks for concentrations of galaxies in a seven-dimensional position and color space. It takes advantage of the color similarity of cluster member galaxies and thus minimizes contamination due to projection. However, some correlations are built into the method, and modeling it in order to understand the properties of the resulting cluster catalog requires a complete model of the galaxy population (including colors and luminosities). Our method complements the C4 catalog by applying a simple and easily modeled algorithm to volume-limited samples with homogeneous properties.
In § 2 we describe the SDSS data that we use. In § 3 we describe the mock catalogs that we use to optimize our group-finder and to estimate uncertainties for our measured group statistics. In § 4 we outline our groupfinding algorithm and choice of parameters. We present a detailed discussion of tests with mock catalogs in the Appendix, with the key points summarized in the main text. We discuss incompleteness in our group catalogs due to fiber collisions and survey edges in § 5. The group catalogs are published in electronic tables and their contents are described in § 6. Finally, in § 7, we present our measured group multiplicity function. We will use this to constrain the HOD in future work. We summarize our results in § 8.
DATA

SDSS
The SDSS is a large imaging and spectroscopic survey that is mapping two-fifths of the Northern Galactic sky and a smaller area of the Southern Galactic sky, using a dedicated 2.5 meter telescope (Gunn et al. 2005) at Apache Point, New Mexico. The survey uses a photometric camera (Gunn et al. 1998) to scan the sky simultaneously in five photometric bandpasses (Fukugita et al. 1996; Smith et al. 2002) down to a limiting r-band magnitude of ∼ 22.5. The imaging data are processed by automatic software that does astrometry (Pier et al. 2003) , source identification, deblending and photometry (Lupton et al. 2001; Lupton 2005) , photometric calibration (Hogg et al. 2001; Smith et al. 2002; , and data quality assessment (Ivezić et al. 2004) . Algorithms are applied to select spectroscopic targets for the main galaxy sample (Strauss et al. 2002) , the luminous red galaxy sample (Eisenstein et al. 2001) , and the quasar sample (Richards et al. 2002) . The main galaxy sample is approximately complete down to an apparent r-band Petrosian magnitude limit of < 17.77. Targets are assigned to spectroscopic plates using an adaptive tiling algorithm (Blanton et al. 2003c ). Finally, spectroscopic data reduction pipelines produce galaxy spectra and redshifts.
We use the large-scale structure sample sample14 from the NYU Value Added Galaxy Catalog (NYU-VAGC; Blanton et al. 2005) as our primary galaxy sample. Galaxy magnitudes are corrected for Galactic extinction (Schlegel et al. 1998 ) and absolute magnitudes are k-corrected (Blanton et al. 2003a ) and corrected for passive evolution (Blanton et al. 2003b ) to rest-frame magnitudes at redshift z = 0.1. A significant fraction of the sample that we use was made publicly available with the SDSS Data Release 3 (Abazajian et al. 2005a) .
The galaxy redshift sample has an incompleteness due to the mechanical restriction that spectroscopic fibers cannot be placed closer to each other than their own thickness. This fiber collision constraint makes it impossible to obtain redshifts for both galaxies in pairs that are closer than 55 ′′ on the sky. In the case of a conflict, the target selection algorithm randomly chooses which galaxy gets a fiber (Strauss et al. 2002) . 17 Spectroscopic plate overlaps alleviate this problem to some extent, but fiber collisions still account for a ∼ 6% incompleteness in the main galaxy sample. Since this incompleteness is most severe in regions of high galaxy density, it is necessary to correct for it in studies of groups and clusters. We correct for fiber collisions by giving each collided galaxy the redshift of its nearest neighbor on the sky (usually the galaxy it collided with), and we show in § 5 that this procedure is adequate for our purposes. Putting collided galaxies at the redshifts of their nearest neighbors will cause some nearby galaxies to be placed at high redshift, artificially making their estimated luminosities very high. Since the abundance of highly luminous galaxies is low, this contamination can become a significant fraction of all highly luminous galaxies. For this reason, we also give collided galaxies the magnitudes (in addition to the redshifts) of their nearest neighbors. The resulting luminosity distribution is thus unbiased.
There is some additional incompleteness due to bright foreground stars blocking background galaxies, but this is at the ∼ 1% level. In order to limit the effects of incompleteness on our group identification, we restrict our sample to regions of the sky where the completeness (ratio of obtained redshifts to spectroscopic targets) is greater than 90%. Our final sample covers 3495.1 square degrees on the sky and contains 298729 galaxies. -Absolute r-band magnitude vs. redshift for galaxies in the SDSS redshift survey, highlighting the three volumelimited samples used for group identification. The three samples contain galaxies in the redshift ranges 0.015−0.1, 0.015−0.068, and 0.015 − 0.045 and are complete for galaxies with r-band absolute magnitudes brighter than −19.9, −19, and −18, correspondingly. The absolute magnitude threshold for a given volume-limited sample evolves with redshift in order to account for passive luminosity evolution of the galaxy population.
Volume-limited Samples
In this and subsequent papers, we are primarily interested in using galaxy groups to constrain the properties of galaxies as a function of their underlying dark matter halo mass. It is therefore important that the population of galaxies constituting the groups is homogeneous within the sample volume. For this reason, we construct volume-limited subsamples of the full SDSS redshift sample that are each complete in a specified redshift range down to a limiting r-band absolute magnitude threshold. We construct each sample by choosing redshift limits z min and z max , and only keeping galaxies whose evolved, redshifted spectra would still make the redshift survey's apparent magnitude and surface brightness cuts at the limiting redshifts of the sample. Since the apparent magnitude limit of the redshift sample varied across the sky in the commissioning phases of the survey, we cut the r-band magnitude limit from ∼ 17.77 back to 17.5. This more conservative limit is uniform across the sky.
We construct three such volume-limited samples. Figure 1 shows these samples in the luminosity-redshift plane. Each dot in the figure shows a galaxy in the SDSS redshift survey. The sharp cutoff curve along the lower-right part of the plot shows our r = 17.5 apparent magnitude limit. We select three redshift ranges for our volume-limited samples: 0.015 − 0.1, 0.015 − 0.068, and 0.015 − 0.045. These samples are complete down to absolute r-band magnitudes of M0.1 r < −19.9, −19, and −18, respectively. 18 We refer to these samples as M r20, M r19, and M r18, henceforth. Regions of the 18 All absolute magnitudes are quoted for Ωm = 0.3, Ω Λ = 0.7, and a value of the Hubble constant h ≡ H 0 /100 km s −1 Mpc −1 = 1. For other values of H 0 , one should add 5 log h to the quoted absolute magnitudes. plot that make it into these three samples are shown in blue, green, and red, respectively. The limiting absolute magnitude of each sample changes slightly with redshift due to the passive evolution corrections applied to galaxy luminosities: as a galaxy is moved to the outer edge of a given volume-limited sample, its luminosity increases somewhat, allowing lower redshift galaxies to make it into the sample at lower luminosities than they do at higher redshifts. We choose the first limiting redshift of z max = 0.1 because this yields the largest possible volume-limited sample (largest number of galaxies). We choose lower redshift samples in order to probe galaxy populations less luminous than L * . We use a lower redshift limit of 0.015 for all three samples to alleviate some of the problems associated with obtaining accurate photometry of nearby highly extended galaxies. The redshift limits, luminosity thresholds at z max , number of galaxies, and space densities of these samples are listed in Table 1 . Figure 2 shows a Hammer (equal area) projection (in equatorial coordinates) of sample M r20. Points represent galaxies in the sample. The curve shows the location of the Galactic plane. The figure illustrates the patchy and non-uniform nature of the sample footprint on the sky, which has irregular edges, as well as multiple holes. This irregularity exacerbates systematic errors due to edge effects. We deal with incompleteness due to edge effects in § 5. Figure 7 shows an equatorial slice through sample M r20. The slice is 4 • thick and each point shows the RA and redshift of a galaxy in the sample. Prominent in this projection of the data is the the giant supercluster at z ∼ 0.08 at the left end of the Sloan Great Wall of Galaxies, which extends from longitude 132 degrees (at z ∼ 0.05) to longitude 210 degrees (at z ∼ 0.08) (See Gott et al. 2005 ).
MOCK CATALOGS
Our main scientific motivation for constructing group catalogs from the SDSS data requires that identified groups most closely resemble systems of galaxies that occupy a common dark matter halo. Moreover, it is important that we statistically quantify the degree to which our groups do not satisfy this criterion. For both these reasons, it is imperative that we use mock galaxy catalogs that are constructed by populating dark matter halos in N-body simulations with mock galaxies. The Nbody simulations must satisfy two basic conditions: they must contain a large enough volume to fit our largest volume-limited sample, M r20, and they must resolve the smallest mass halos that can host a galaxy in our least luminous volume-limited sample, M r18. HOD fits to the SDSS two-point correlation function of galaxies suggest that the minimum dark matter halo mass that can host a galaxy of luminosity M0.1 r ∼ −18 is approximately 2 × 10 11 h −1 M ⊙ Tinker et al. 2005) . Requiring that a halo contain at least forty dark matter particles to be resolved means that we need N-body simulations with particle masses less than 5×10 9 h −1 M ⊙ .
We use a series of N-body simulations of a ΛCDM cosmological model, with Ω m = 0.3, Ω Λ = 0.7, Ω b = 0.04, h ≡ H 0 /(100 km s −1 Mpc −1 ) = 0.7, n s = 1.0, and σ 8 = 0.9. This model is in good agreement with a wide variety of cosmological observations (see, e.g., Spergel et al. 2003; Tegmark et al. 2004; Abazajian et al. 2005b ). Ini-tial conditions were set up using the transfer function calculated for this cosmological model by CMBFAST (Seljak & Zaldarriaga 1996) . The simulations were run at Los Alamos National Laboratory (LANL) using the Hashed-Oct-Tree (HOT) code (Warren & Salmon 1993) . We use a total of six independent simulations of varying size and resolution, which we refer to as LANL1-6. The size of box L box , number of particles N p , and resulting particle mass m p for each simulation are listed in Table 2 . The gravitational force softening is ǫ grav = 12h −1 kpc (Plummer equivalent).
We identify halos in the dark matter particle distributions using a friends-of-friends algorithm with a linking length equal to 0.2 times the mean interparticle separation. We then populate these halos with galaxies using a simple model for the HOD of galaxies more luminous than a luminosity threshold. Every halo with a mass M greater than a minimum mass M min gets a central galaxy that is placed at the halo center of mass and is given the mean halo velocity. A number of satellite galaxies is then drawn from a Poisson distribution with mean N sat = ((M − M min )/M 1 ) α , for M ≥ M min . These satellite galaxies are assigned the positions and velocities of randomly selected dark matter particles within the halo. In order to construct mock catalogs for each of our three volume-limited samples M r20, M r19, and M r18, we select sets of values for the parameters M min , M 1 , and α that yield the observed Zehavi et al. (2005) galaxy-galaxy correlation functions for these samples. These HOD parameter values are similar to the bestfit values given by Zehavi et al. (2005) (they are slightly different because the model for N sat was different in that paper). We refer to these sets of mock catalogs with the suffixes .Mr20, .Mr19, and .Mr18. In addition to these mock catalogs, we construct a set of catalogs for the M r20 sample using an alternative HOD model, where the mean number of satellites in a halo of mass M is N sat = exp[−M cut /(M − M min )](M/M 1 ) α , for M > M min (also used by Tinker et al. 2005) . We fix the value of the slope α to 0.9, which is lower than that for the .Mr20 mocks, and we choose values for the remaining HOD parameters that yield the observed Zehavi et al. (2005) correlation function of M0.1 r < −20 galaxies. We refer to these sets of mock catalogs with the suffix .Mr20b. The values for all mock HOD parameters are listed in Table 2 . We construct ten realizations of each mock catalog listed in Table 2 by using different random number generator seeds when we (a) draw a number of satellite galaxies for each halo from a Poisson distribution of mean N sat , and (b) select random dark matter halo particles to give their positions and velocities to these satellite galaxies. The dispersion among the ten realizations for one mock catalog therefore represents the scatter among possible observed states for a given halo distribution and HOD model.
We now have a set of mock catalogs containing galaxies in real space and in the cubical geometry of the N-body simulations. We refer to these as our "real-space cube mocks". We create a redshift-space version of these catalogs by assuming the distant observer approximation and aligning the line-of-sight along one of the axes of the simulation cubes. We use the mock galaxies' peculiar velocities to move them along the line-of-sight into redshift space. We refer to the resulting mock catalogs as our "redshift-space cube mocks". We use these real-space and redshift-space cube mocks to determine optimal parameters for our group-finding algorithm. We summarize this determination in §4 and discuss details in the Appendix.
For the purpose of studying the effects of SDSS incompleteness on our measured groups, as well as for obtaining estimates of the uncertainty in our measured group multiplicity function, we also require mock catalogs that have the same geometry as our SDSS volume-limited samples. The total volume of our largest sample, M r20, is approximately 210 3 h −3 Mpc 3 , which is more than six times smaller than any of our mock cubes. However, the SDSS geometry is highly irregular (as seen in Fig. 2 ) and can only be fully embedded in a cube of much larger volume than the survey itself. The M r20 sample, for example, has a maximum extent of ∼ 600h −1 Mpc when both the North and South Galactic portions are included. In order to carve this sample geometry out of our mock catalogs, we create mock cubes with eight times larger volume by tiling each mock cube 2×2×2. Since the N-body simulations used to construct the mocks were run with periodic boundary conditions, we can tile the cubes without having density discontinuities at the boundaries. We set the center of this tiled cube to be the origin and put galaxies into redshift space using the line-of-sight component of their peculiar velocities. We then compute RA, DEC, and redshift coordinates for every mock galaxy in the tiled cube. Finally, we only keep galaxies whose coordinates on the sky would place them in regions of the SDSS survey that have completeness greater than 90%, and whose redshifts lie within the redshift limits of the specific volume-limited sample we are constructing mock catalogs for.
Since the volume of each simulation cube is at least six times larger than our largest volume-limited sample M r20, we try to carve out as many independent volumes with the M r20 geometry as possible without too much overlap. We do this by performing many sets of three rotations (one around each Cartesian axis) and testing how much overlap the resulting catalogs have with each other (i.e., how many common mock galaxies do they share). With the right combination of rotation angles, we can carve out two M r20 mock catalogs that share fewer than 3% of their galaxies with each other, but we cannot obtain more without significant overlap. We create two such independent mock catalogs, with the correct SDSS geometry, from every one of the ten HOD realizations of the mock cubes listed in Table 2 , except for the LANL6.Mr20 mock. This procedure yields 200 mock catalogs for the M r20 sample (5 N-body simulations × 2 HOD models × 10 HOD realizations × 2 mocks per simulation cube), and 80 mock catalogs each for the M r19 and M r18 samples (4 N-body simulations × 1 HOD model × 10 HOD realizations × 2 mocks per simulation cube).
The final step in creating mock SDSS catalogs is to incorporate the fiber collision constraint. We use a friendsof-friends algorithm to identify groups of mock galaxies that are linked together by the 55 ′′ minimum angular separation of fibers. We then select "collided" mock galaxies (whose redshifts will be unknown) in each such collision group in a way that minimizes the number of such galaxies. For example, if a collision group contains three galaxies in a row, where the first is closer than 55 ′′ from the second and the second is closer than 55 ′′ from the third, but the first is more than 55 ′′ from the third, we will always select the middle galaxy to be the collided one. In cases where multiple choices yield the same number of collided galaxies, we select randomly (e.g., in collision groups with only two galaxies). This procedure is designed to mimic the tiling code that assigns spectroscopic fibers to SDSS target galaxies (Blanton et al. 2003c ). If we perform this operation on the .Mr20 catalogs we end up with only ∼ 3% of mock galaxies being tagged as collided. This is about half the fraction of SDSS galaxies in our M r20 sample that don't have measured redshifts due to fiber collisions. The reason for this discrepancy is that galaxies in the M r20 volume-limited sample do not only collide with each other; they also collide with galaxies more luminous than M0.1 r ∼ −20 at redshifts higher than the sample limit z = 0.1 and galaxies less luminous than M0.1 r ∼ −20 at lower redshifts. Most of these additional galaxies that can collide with a given galaxy in M r20 are uncorrelated background or foreground galaxies. It is therefore sufficient to model them as a background screen of galaxies on the sky that have an angular correlation function equal to the mean for all SDSS galaxies. For this purpose, we use the very large volume LANL6.Mr20 cube mock. We use LANL6.Mr20 to construct a "screen" catalog with the correct SDSS angular geometry and a variable outer redshift limit, and superpose it onto each of our .Mr20, .Mr19, and .Mr18 mock catalogs. We then allow all galaxies to collide with each other and keep track of collided mock galaxies. We set the outer redshift limit of the screen catalog to the value that results in ∼ 6% of mock galaxies being tagged as collided. We find that we need approximately seven times more galaxies in the screen catalog than in the mocks in order to achieve this collided fraction.
Using this approach we construct three versions of every mock catalog described above: a version with no fiber collisions applied ("true" version), a version where collided galaxies have no redshifts and are dropped out of the mock catalog altogether ("uncorrected" version), and a version where collided galaxies are assigned the redshift of the galaxy they collided with ("corrected" version). These mock catalogs allow us to test the effects of fiber collisions on our measured group multiplicity function (discussed in § 5.)
GROUP-FINDING ALGORITHM
We wish to identify galaxy groups primarily in order to measure the group multiplicity function and use it to constrain the HOD of galaxies as a function of galaxy properties. This goal places a number of demands on the group-finding algorithm: (1) It should identify galaxy systems that occupy the same dark matter halos with the least possible merging of different halos into the same group and the least possible splitting of individual halos into multiple groups. (2) It should produce a group multiplicity function that is unbiased with respect to the halo multiplicity function. (3) It should be simple and welldefined so that the statistical and systematic uncertainty in the measured group multiplicity function can be accurately characterized. (4) It should use only the spatial positions of galaxies in redshift space to identify groups, and not galaxy properties such as color or luminosity. These requirements point to an algorithm that uniquely identifies density enhancements in redshift space.
We adopt the simple and well understood friends-offriends (FoF) algorithm, where galaxies are recursively linked to other galaxies within a specified linking volume around each galaxy. The FoF algorithm has several attractive features. First, for a given linking volume (usually specified by one linking length in real space and two linking lengths in redshift space), FoF produces a unique group catalog. Second, it does not assume or enforce any particular geometry for groups (e.g., spherical), but rather identifies structures that are approximately enclosed by an isodensity surface whose density is monotonically related to the linking lengths. Third, the algorithm satisfies a nesting condition: all the members of a group identified with one set of linking lengths are also members of the same group identified using larger linking lengths.
The FoF algorithm has been used extensively to identify dark matter halos in N-body simulations (e.g., Davis et al. 1985) and has been shown to produce halo catalogs with mass functions that are close to universal (within ∼ 20%) for a wide range of epochs and cosmological models (Jenkins et al. 2001 ). FoF has also been the most used algorithm for identifying galaxy groups in redshift surveys (Huchra & Geller 1982; Geller & Huchra 1983; Nolthenius & White 1987; Ramella et al. 1989; Moore et al. 1993; Ramella et al. 1997 Ramella et al. , 1999 Tucker et al. 2000; Giuricin et al. 2000; Ramella et al. 2002; Merchán & Zandivarez 2002; Eke et al. 2004) , though alternative methods have also been used (see e.g., Tully 1987; Gerke et al. 2005; Yang et al. 2005) . These FoF studies all used the same basic algorithm, but differed in their choices for linking lengths and in their methods for dealing with the varying density of galaxies inherent in flux-limited surveys.
We use the basic Huchra & Geller (1982) algorithm, where two galaxies are linked to each other if both their transverse and line-of-sight separations are smaller than a given pair of projected and line-of-sight linking lengths, respectively. Specifically, two galaxies i and j with angular separation θ ij and redshifts z i and z j , have a projected separation D ⊥,ij and a line-of-sight separation D ,ij (both in h −1 Mpc) given by 19
(2) The two galaxies are then linked to each other if
wheren g is the mean number density of galaxies, and b ⊥ and b are the projected and line-of-sight linking lengths in units of the mean intergalaxy separation. Since we use volume-limited samples of SDSS galaxies,n g is constant throughout the sample volumes, and thus the linking lengths are also constant. The resulting linking volume around each galaxy is very similar to a cylinder, oriented along the line-of-sight, whose radius is equal to the projected linking length and whose height is equal to twice the line-of-sight linking length. It is not a perfect cylinder because its radius increases with redshift, making it slightly wider at the far end than at the near end, and its bases are slightly curved. However, for the small linking lengths considered here, a cylinder is a good approximation. The FoF algorithm works recursively, whereby a galaxy is linked to all its "friends", which are in turn linked to their "friends", etc., to yield a unique group of galaxies.
Choice of Linking Lengths
The most important ingredient of our group-finding algorithm is our choice for the linking lengths b ⊥ and b . If the linking lengths are too small, then the group-finder will break up single halos into multiple groups. If the linking lengths are too large, then different halos will be fused together into single groups. There are no values for the linking lengths that will work perfectly for every halo, even in real space. In redshift space this problem becomes substantially worse, since redshift-space distortions both move halos and elongate them along the lineof-sight, often causing them to overlap with each other. The right choice of linking lengths depends on the purpose for which groups are being identified. If we require a group catalog that is highly inclusive and groups together every galaxy inhabiting the same halo, then we will use larger linking lengths than if our goal is to minimize contamination by galaxies that come from different halos. For our purposes, we wish to obtain a balance between being inclusive and reducing contamination, while producing groups that have an unbiased multiplicity function.
In order to find the right combination of linking lengths, we use the mock galaxy catalogs described in § 3. Specifically, we use the real-and redshift-space cube mocks, which are constructed by applying simple HOD models to the LANL1 and LANL4 N-body simulations. Since we know which mock galaxies occupy the same dark matter halos, we can evaluate how well a particular choice of linking lengths recovers features of the halo population. The mocks that we use here have a cubical geometry, and we assume the distant observer approximation when we put mock galaxies into redshift space. We use the full cubical mocks rather than those with the correct SDSS geometry because the full mocks have a much larger volume and thus better statistics. Moreover, our goal is to find the best linking lengths for any redshift survey, and we will deal with systematic effects specific to our SDSS sample geometry separately. The FoF algorithm that we use is therefore slightly different from the one outlined above, in that the linking volume is a perfect cylinder (i.e., D ⊥,ij is simply the projected distance between two mock galaxies).
We run the FoF group-finder on the mock catalogs for a grid of linking length values, and we study the properties of the resulting group catalogs. Specifically, we investigate four features of the recovered group distribution: (1) the group multiplicity function compared to the "true" halo multiplicity function; (2) The relation between the number of galaxies in a halo N true and the number of galaxies in its associated group N obs ; (3) The distribution of projected group sizes as a function of group richness compared to the "true" distribution of projected halo sizes as a function of halo multiplicity; (4) The distribution of group velocity dispersions as a function of group richness compared to the "true" distribution of halo velocity dispersions as a function of halo multiplicity.
We check how each set of linking lengths performs in the above four tests, for each of the four HOD model mock cubes (.Mr20, .Mr20b, .Mr19, .Mr18). In the case of each HOD model, we average results over the 10 HOD realizations described in § 3 and over the LANL1 and LANL4 N-body simulations. We do this procedure for groups that are identified in both real space (for which there is only one linking length), and redshift space. These tests are described in detail in the Appendix. Here we summarize the main results.
In real space, a linking length choice of b = 0.2 yields galaxy groups with ten or more members that pass all four tests listed above. Groups with N < 10 show systematic deviations in abundance, multiplicity, projected sizes, and velocity dispersions from the corresponding halos with N < 10. The choice of b = 0.2 is not surprising, given that the same linking length was used to identify halos in the N-body simulations. It is also not surprising that the group-finding fails the tests for small groups, where adding or losing a couple of galaxies makes a large fractional difference to the group size. The threshold of N ∼ 10 is independent of the underlying dark matter halo mass. This means that we can push the regime in which the groups are reliable to lower mass systems by using a lower luminosity sample (where each halo will contain more galaxies). Of course, the change of luminosity threshold comes at the expense of statistical power, since low luminosity samples have smaller volumes than high luminosity samples. The number of groups in a volume-limited sample scales roughly with the number of galaxies, and a luminosity threshold near the characteristic luminosity L * maximizes this number.
In redshift space the situation is more complicated. No set of transverse and line-of-sight linking lengths is able to produce groups that pass all four tests listed above, even for large size groups. Figure 3 summarizes our tests for the .Mr20 HOD model mocks. Results for the other HOD models are similar and are shown in the Appendix. The figure shows regions (shaded) of the two-dimensional linking length space (b vs. b ⊥ ) that pass each of our four tests.
Multiplicity Function
The dark and thin shaded region in Figure 3 , labeled n(N ), shows linking lengths that pass the group multiplicity function test. In other words, these linking lengths yield mock group catalogs whose multiplicity functions are unbiased relative to the "true" input halo multiplicity function, in the regime N ≥ 10. In this case, "unbiased" means that the shape of the multiplicity function is on average the same as the "true" shape and its amplitude is within 10% of the "true" amplitude. Linking length values that lie along the upper boundary of the shaded region (e.g, the values b ⊥ = 0.11, b = 1.5) yield multiplicity functions that are 10% too high in amplitude, whereas values that lie along the lower boundary yield multiplicity functions whose amplitudes are 10% too low. These results show that an increase in either linking length generally leads to an increase in the multiplicity function for N ≥ 10. This increase is compensated for by a corresponding decrease in the abundance of isolated (i.e., N = 1) and low N groups. The shaded region appears to be close to horizontal only because the vertical axis is highly compressed with respect to the horizontal axis. -Regions of the FoF linking length parameter space that do well in recovering galaxy groups that have similar properties to their parent halos. Each shaded region shows the combination of perpendicular and line-of-sight FoF linking lengths that are successful in recovering a particular feature of the group distribution, measured using mock galaxy catalogs. The four features are: (a) the group multiplicity function (black region); (b) the relation between halo and group richness for halos and groups that are matched one-to-one (green region); (c) the projected sizes of groups as a function of group richness (blue region); (d) the line-of-sight velocity dispersion of groups as a function of group richness (red region). The yellow star denotes the FoF parameters that we apply to identify groups in the SDSS.
It is therefore possible, in principle, for it to be unbiased relative to the halo multiplicity function, without the relation between individual halo multiplicities and their recovered group multiplicities being correct. For this reason, we also require that the group-finder yield an unbiased relation between the multiplicity of individual halos, N true , and their recovered groups, N obs . In order to check this, we must match input halos to recovered groups in a one-to-one way. There are many ways to do this matching, and no one way is more correct than another. For example, a halo can be associated with the group that contains most of its galaxies, or the group that contains its central galaxy, or the group whose centroid is closest to the halo center. We associate each halo to the group that contains its central galaxy. When two or more halos are matched to the same group, we choose the halo that shares the largest number of common galaxies with the group. Halos that are not associated with any group are considered "undetected," and groups that are not associated with any halo (because they don't contain any halo central galaxies) are considered "spurious".
The light (and green) shaded region in Figure 3 that roughly tracks and is slightly wider than the n(N ) region shows linking lengths that pass the N true vs. N obs test. In other words, these linking lengths yield mock group catalogs with an unbiased median relation between N true and N obs for associated halos and groups, in the regime N ≥ 10. We consider the relation to be unbiased if its slope is within 10% of unity. Linking length values that lie along the upper boundary of the shaded region yield associated halos and groups with a median relation N true = 1.1N obs , whereas values that lie along the lower boundary yield the relation N true = 0.9N obs . As expected, most linking lengths that pass the multiplicity function test also pass the N true vs. N obs test. This breaks down, however, for values of b ⊥ greater than 0.16-0.17.
Projected Sizes
The (blue) shaded region in Figure 3 , labeled "Projected sizes", shows linking lengths that pass the projected sizes test. These linking lengths yield mock groups with an unbiased median relation between rms projected size and group multiplicity N , in the regime N ≥ 10. We consider the relation to be unbiased if it is within 10% of the "true" relation between median rms projected halo size and halo multiplicity. This shaded region is roughly vertically oriented because the projected linking length b ⊥ affects the projected sizes of groups much more than the line-of-sight linking length b . Clearly, increasing b ⊥ leads to galaxy groups with larger projected sizes. The shaded region is not completely vertical, however, because increasing b also leads to larger projected size groups, albeit in a much less sensitive way.
Velocity Dispersions
The (red) shaded region in Figure 3 , labeled "Velocity dispersions", shows linking lengths that pass the velocity dispersion test. These linking lengths yield mock groups with an unbiased median relation between group velocity dispersion and group multiplicity N , in the regime N ≥ 10. We consider the relation to be unbiased if it is within 10% of the "true" relation between median halo velocity dispersion and halo multiplicity. This shaded region is roughly horizontally oriented because the line-of-sight linking length b affects the velocity dispersions of groups much more than b ⊥ . Clearly, increasing b leads to galaxy groups with larger velocity dispersions. The shaded region is not completely horizontal, because changing b ⊥ also affects the velocity dispersions of groups, though not consistently in the same sense. 4.1.5. Our Adopted Linking Lengths It is obvious from Figure 3 that no combination of FoF linking lengths passes all four tests listed above. We can choose linking lengths that successfully recover the abundance and projected sizes, or the abundance and velocity dispersions of groups as a function of multiplicity, but not all three simultaneously. We can also choose linking lengths that successfully recover both the projected sizes and velocity dispersions of groups as a function of multiplicity, but since the multiplicity function of such groups is incorrect, the overall size and velocity dispersion distributions will also be incorrect. This failure to recover all features of groups in redshift space is a fundamental shortcoming of the FoF group-finder. Given that most redshift-space group-finding algorithms operate on very similar principles, i.e., they identify overdense regions that are elongated along the line-of-sight, it is likely that this shortcoming is shared by other group-finders as well. To our knowledge, no group-finder has been shown to pass all four of the tests considered here for a single choice of parameters. Figure 3 shows that in order to recover groups with unbiased velocity dispersions, the line-of-sight linking length must be substantially larger than the mean intergalaxy separation. With b that large, groups are bound to be linked together along the line-of-sight. The only way to then obtain groups with the correct multiplicity function is to have a transverse linking length small enough that galaxies in the outer parts of halos are not included in the recovered groups. The resulting groups bear little physical resemblance to their parent halos. If, on the other hand, we recover groups with unbiased projected sizes, then the groups will be missing some of their fastest moving galaxies and this decrease in multiplicity will be compensated by including as group members a few galaxies in the infall regions of halos. These groups are much more physically similar to their parent halos. For this reason, we choose to sacrifice velocity dispersions, rather than projected sizes, when selecting values for the FoF linking lengths. Figure 3 shows the linking length values that we adopt and use in this paper (yellow star). These values are
Our mock catalog tests show that the FoF algorithm with these linking lengths finds galaxy groups with N ≥ 10 that have: (1) an unbiased multiplicity function;
(2) an unbiased median relation between the multiplicities of groups and their associated halos; (3) a spurious group fraction of less than ∼ 1%; (4) a halo completeness (fraction of halos that are associated one-to-one with groups) of more than ∼ 97%; (5) the correct projected size distribution as a function of multiplicity; (6) a velocity dispersion distribution that is ∼ 20% too low at all multiplicities. These results hold for all of the mock catalogs that we have used (see results for other HOD models in the Appendix) and are thus not very sensitive to the HOD model assumed or to the specific realization of the underlying density field. We note that our adopted group-finder only has the above properties when dark matter halos are defined using a FoF algorithm with a linking length of 0.2 times the mean interparticle separation, since that was the definition used to construct our mock catalogs. A different halo definition (such as FoF using a different linking length, or a spherical overdensity halo-finder) will result in a different optimal group-finder. Previous FoF group analyses have used different linking lengths. For example, Eke et al. (2004) adopt b ⊥ = 0.13, b = 1.43 in their analysis of groups in the 2dF Galaxy Redshift Survey (2dFGRS; Colless et al. 2001) . With a similar transverse linking length but much larger line-of-sight linking length than used here, this parameter combination yields unbiased projected sizes and velocity dispersions, but it overpredicts the abundances of halos by 20 − 30% at large multiplicities (see Figure 3) . These groups are thus poorly suited to our primary objective of using group abundances as a cosmological test. Yang et al. (2005) and Weinmann et al. (2005) use a group-finder that assumes a mass, radius, and velocity dispersion for each preliminary group and then includes or discards galaxies from the group based on these assumed properties (similar to a matched filter technique). This method might, in principle, be able to simultaneously recover groups with unbiased abundances, projected sizes, and velocity dispersions -at the expense of model independence -but this remains to be tested. Fig. 4 .-Effect of fiber collisions on the group multiplicity function measured using mock SDSS galaxy catalogs, which are described in § 3. The top panel shows the differential group multiplicity function for mock catalogs that contain no fiber collisions and thus represent the "true" case (black curve), that lose galaxies due to fiber collisions as in the SDSS survey (blue curve), and that are corrected for fiber collisions as described in § 5 (red curve). The bottom panel shows the ratio of each case to the "true" one. Dotted lines show ±10% deviations from the "true" multiplicity function. These results are averaged over all of our .Mr20 mock catalogs.
INCOMPLETENESS
There are two main sources of incompleteness that will affect the richnesses of groups, and hence the multiplicity function, in our SDSS group catalogs: fiber collisions and survey edges. Both these effects will prevent galaxies from being included in some groups, and thus cause the richness of these groups to be underestimated. These sources of incompleteness and their effects on the measured group multiplicity function must be accounted for.
Fiber Collisions
Fiber collisions cause an incompleteness that grows with the surface density of galaxies and is thus especially important in group and cluster studies. Moreover, the surface density in groups is likely a function of group richness. The mean surface density of a group of richness N , mass M , and radius R scales like Σ ∼ N/R 2 ∼ N/M 2/3 . For a power-law relation between mean richness and halo mass N ∼ M α , the surface density is Σ ∼ N 1−2/3α . This scaling relation is clearly a crude approximation, but it illustrates that the incompleteness due to fiber collisions likely varies with group richness and can thus affect both the amplitude and slope of the multiplicity function.
We use the 100 LANL1-5.Mr20 mock catalogs (5 Nbody simulations × 10 HOD realizations × 2 mocks per simulation cube) to assess the impact of fiber collisions on the group multiplicity function. We apply the groupfinder described in § 4 to the "uncorrected" and "true" versions of these mock catalogs and measure the resulting multiplicity functions. Figure 4 shows these multiplicity functions averaged over all the mock catalogs. The figure shows that dropping collided galaxies from the sample lowers the amplitude of the multiplicity function by more than 10% and also slightly changes its slope. The amplitude drops because some groups in each richness bin lose galaxies and are thus shifted to lower N bins. There are also some groups from higher N bins that are shifted into these bins, but their number is smaller than the number of groups lost because the abundance of groups drops steeply with increasing N . Zehavi et al. (2005) show that the effect of fiber collisions on the galaxy two-point correlation function can be successfully corrected for by including each collided galaxy at the redshift of its nearest neighbor. We apply the same correction to our mock catalogs to produce a set of "corrected" mocks. Figure 4 shows that this correction works very well in the regime N ≥ 10, and we therefore adopt it for our group identification.
Survey Edges
Groups that are identified near the edges of a given sample could be missing galaxies that are located just outside the sample. Similar to fiber collisions, edge effects always shift groups from higher to lower richness. Moreover, large and extended groups have a higher probability of being affected by edges than do small and compact groups because they can straddle an edge while being further away from it. Edge effects are most severe when the ratio of a sample's surface area to its enclosed volume is high. Figure 2 shows that the SDSS sample has a highly irregular footprint on the sky, which implies a high surface-to-volume ratio. Edge effects are, therefore, potentially severe in our samples. When the SDSS survey is complete and the gap in the North Galactic cap is filled in, edge effects will be much less important.
We can measure the effects of edges using our mock catalogs, since we know what galaxies lie on the other side of edges. For every group identified in our LANL1-5.Mr20 mock catalogs, we determine how many galaxies are missing due to edges. An edge can lie either in the perpendicular direction, or along the line-of-sight due to a sample's redshift limits.
The solid curve in the right panel of Figure 5 shows the fraction of mock groups that are missing one or more galaxies due to edges, as a function of group richness N . The affected fraction climbs from 10% to 40% as N goes from 5 to 50. Edges clearly affect a large fraction of high richness groups in our sample, but counting a group as affected if it loses only a single galaxy is a very conservative test. It makes more sense to calculate the fraction of groups that lose a fixed fraction of their galaxies, rather than just a single galaxy. The dashed curve in the same panel shows the fraction of groups that lose 25% or more of their galaxies. The affected fraction defined this way is ∼ 10%, roughly independent . The right panel also shows the fraction of groups that lose more than 25% of their member galaxies due to edges (dashed curve). These results are averaged over four independent .Mr20 mock catalogs.
of richness. Figure 6 shows the effect of edges on the multiplicity function (blue curve). The effect of edges on the abundance of mock groups grows from zero at N = 2 to approximately 20% at N = 50. It is, therefore, very important to correct for edges, since they systematically change the shape of the multiplicity function and, hence, the derived HOD.
We measure the shortest distance of every galaxy from the survey edges by laying down points around each galaxy at successively larger radii and checking if they also lie within our sample volume. The smallest radius at which points fall outside the sample volume is the distance of the galaxy from the edge. Any group that contains at least one galaxy within a linking length from the edge, whether it is a projected linking length in the tangential direction or a line-of-sight linking length in the redshift direction, is potentially affected, since there could be galaxies on the other side that would be linked to the same group. One possible way to deal with edges is to throw out all such groups. This is a very conservative solution, since it ensures that all groups in our final sample are uncontaminated by edges. However, it is tricky to estimate the new effective volume of the sample, which is necessary for measuring the multiplicity function. Moreover, the effective volume for large groups will be smaller than that for small groups. Another possibility is to keep all groups, but somehow correct the multiplicities of those that are potentially affected by edges. This solution has the advantage that no groups are lost, but it is once again difficult to estimate the effective volume of the sample, even if all multiplicity corrections are exactly right. A third possibility is to reject all groups whose centers lie less than a minimum distance from the edge. This correction has the advantage that it produces an unbiased sample and it is simple to estimate the new effective volume. However, it is important to use the correct minimum distance. If it is too small, then the correction will not work for the largest groups; if it is too big, then we will unnecessarily reduce our sample size.
The left panel of Figure 5 shows the fraction of mock groups that are missing one or more galaxies due to edges, as a function of the distance from the group centroid to the edge. The fraction drops from 20% at 100 Kpc to 5% at 500 Kpc and less than 1% at 1 Mpc. It does not go to zero at larger distance because there are groups with high velocity dispersion that can be far from the edge and still have galaxies within a linking length of the outer or lower redshift limit of our sample. This figure suggests that if we set the minimum distance to 500 Kpc in the tangential direction and 500 km/s in the redshift direction, we should eliminate most groups that are affected by edges. We make this correction on our mock group catalogs, and the number of groups in the resulting catalog is reduced by ∼ 22% on average. We estimate the new effective volume of each group catalog by scaling the original volume by the fraction of groups that survive the edge cut. This estimate, though not exactly accurate, is simple to make and adequate for our purposes. Figure 6 shows that this correction results in a multiplicity function that is unbiased due to edges (red curve).
Our mock catalog tests show that we can deal with survey edges effectively if we measure the multiplicity function after eliminating all groups whose centers (estimated as the centroids of their member galaxy positions) lie less than 500 Kpc from an edge in the tangential direction or less than 500 km/s from an edge in the radial direction. Applying this edge cut to the M r20, M r19, and M r18 SDSS group catalogs reduces the numbers of groups by 21.7%, 30.0%, and 41.1%, respectively. Our measurement of the multiplicity function for these samples includes this correction, though the group catalogs that we present include all groups.
GROUP AND CLUSTER CATALOG
We apply our group-finding algorithm to the three volume-limited samples described in § 2 and get three group catalogs. The fractions of ungrouped, isolated galaxies are 43.7%, 41.1%, and 40.0% for the M r20, M r19, and M r18 samples, respectively. The fractions of galaxies grouped in pairs are 19.1%, 18.2%, and 17.8%. The remaining 37.2%, 40.7%, and 42.2% of galaxies are in groups of three or more members. Samples M r20, M r19, and M r18 contain a total of 4119, 2696, and 1362 groups with richness N ≥ 3, respectively. Figure 8 shows an equatorial slice with groups identified from sample M r20. The slice is 4 • thick and each point shows the RA and redshift of a group with N ≥ 3. A comparison of this figure to Figure 7 shows that groups and clusters trace the large-scale structure of galaxies, as expected. Larger groups are preferentially located in higher density regions, whereas smaller groups are more uniformly distributed. It is striking that the majority of very large groups reside within the large supercluster at z = 0.08. Figure 9 shows the same slice, but with points representing the positions of member galaxies in N ≥ 3 groups. A visual inspection of the figure shows that group velocity dispersions, which are responsible for the finger-of-God effect, are largest in the most luminous groups.
For each group, we compute an unweighted group centroid, which consists of a group right ascension, decli- Fig. 6. -Effect of survey edges on the group multiplicity function measured using mock SDSS galaxy catalogs (described in § 3). The figure shows the group multiplicity function for mock catalogs that contain no edge effects and thus represent the "true" case (black curve), that contain edge effects as in the SDSS survey (blue curve), and that are corrected for edge effects as described in § 5 (red curve). All other features as in Fig. 4 . These results are averaged over all of our .Mr20 mock catalogs. nation, and mean redshift. We compute a total group luminosity that is the sum of luminosities of its member galaxies. Since we are dealing with volume-limited samples, the luminosity of a given group in samples M r20, M r19, M r18, only counts galaxies with absolute magnitudes brighter than -19.9, -19, -18, respectively. For example, for the M r20 sample, the total group absolute magnitude is
and it is equivalent to integrating the galaxy luminosity function within the group from M0.1 r = −19.9 to −∞. Note that we compute these group absolute magnitudes using the altered absolute magnitudes for galaxies that do not have measured redshifts due to fiber collisions (see § 2). We also compute a total group color, which is simply defined as (g − r) 20 = M g20 − M r20 . We compute a group one-dimensional velocity dispersion given by
and an rms projected group radius given by
where r i is the projected distance between each member galaxy and the group centroid.
In Table 3a , we present the 4119 groups and clusters with N ≥ 3, selected from the sample M r20. For each group, we list a group ID (column 1); the (J2000) right ascension and declination of the group centroid (columns 2, 3); the mean redshift of the cluster (column 4); the group richness N (column 5); the total r-band absolute magnitude of the group, M r20 (column 6); the total color of the group, (g − r) 20 (column 7); the line-of-sight velocity dispersion of the group, σ v (column 8); the projected rms radius of the group R ⊥,rms (column 9); the perpendicular distance of the group center from the survey edge r edge (column 10). The groups in Table 3a are ranked in decreasing order of richness N .
In Table 4a , we present the member galaxies of the groups listed in Table 3a . For each galaxy we list the ID of the group to which it belongs (column 1); the (J2000) right ascension and declination (columns 2, 3); the redshift (column 4); the r-band absolute magnitude M0.1 r 20 (column 5); the 0.1 (g − r) color (column 6); a fiber collision flag that is equal to 0 if the galaxy has its own measured redshift and 1 if it has been given the redshift of its nearest neighbor (column 7); the perpendicular distance of the galaxy from the survey edge r edge (column 8). Tables 3b and 4b show the corresponding group and member catalogs for the M r19 sample.
Tables 3c and 4c show the corresponding group and member catalogs for the M r18 sample.
All of these catalogs are available electronically at http://cosmo.nyu.edu/aberlind/Groups. 
MULTIPLICITY FUNCTION
With group catalogs in hand, we can now measure the group multiplicity function. The differential group multiplicity function, n grp (N ), is defined as the number density of groups in bins of richness N , where richness bins can have a width of unity or more. Before computing n grp (N ), we must make the corrections for incompleteness described in § 5. Though the catalogs presented in § 6 already include the fiber collision correction, we also compute the multiplicity function from an alternate M r20 group catalog that does not include this correction in order to see the magnitude of the correction. Figure 10 shows this uncorrected multiplicity function, as well as the multiplicity function that includes the fiber collision correction. The figure shows that applying the correction boosts the amplitude of the multiplicity function, just as it did in our mock tests in § 5. Figure 10 also shows the effect on the multiplicity function of applying the edge correction described in § 5. This effect is small, typically less than 5%, though it is larger in individual bins at high N , where the number of groups is small.
We must calculate errorbars for the multiplicity function in order to use it to constrain the HOD. We use our (Poisson)  3-3 2.086 × 10 −4 1.011 × 10 −5 5.339 × 10 −6 4-4 9.555 × 10 −5 4.562 × 10 −6 3.614 × 10 −6 5-5 4.621 × 10 −5 3.965 × 10 −6 2.513 × 10 −6 6-6 3.006 × 10 −5 3.935 × 10 −6 2.027 × 10 −6 7-7 1.750 × 10 −5 1.671 × 10 −6 1.547 × 10 −6 8-8
1.408 × 10 −5 2.279 × 10 −6 1.387 × 10 −6 9-9 9.707 × 10 −6 2.219 × 10 −6 1.152 × 10 −6 10-10 7.516 × 10 −6 1.307 × 10 −6 1.014 × 10 −6 11-11 5.606 × 10 −6 1.533 × 10 −6 8.754 × 10 −7 12-12 4.240 × 10 −6 9.350 × 10 −7 7.613 × 10 −7 13-13 3.414 × 10 −6 8.216 × 10 −7 6.832 × 10 −7 14-14 2.323 × 10 −6 1.257 × 10 −6 5.636 × 10 −7 15-15 2.463 × 10 −6 8.570 × 10 −7 5.803 × 10 −7 16-16 2.732 × 10 −6 1.167 × 10 −6 6.111 × 10 −7 17-17 1.368 × 10 −6 6.630 × 10 −7 4.324 × 10 −7 18-18 1.502 × 10 −6 4.435 × 10 −7 4.532 × 10 −7 19-20 9.576 × 10 −7 2.826 × 10 −7 3.618 × 10 −7 21-23 5.465 × 10 −7 1.330 × 10 −7 2.733 × 10 −7 24-25 6.840 × 10 −7 4.108 × 10 −7 3.058 × 10 −7 26-29 3.758 × 10 −7 1.575 × 10 −7 2.267 × 10 −7 30-31 5.469 × 10 −7 3.224 × 10 −7 2.734 × 10 −7 32-37 2.506 × 10 −7 1.778 × 10 −7 1.851 × 10 −7 38-49 1.025 × 10 −7 3.376 × 10 −8 1.184 × 10 −7
Note-ngrp and σn grp are in units of h 3 Mpc −3 . Tables 5b  and 5c , can be found in the electronic version of the ApJ, or at http://cosmo.nyu.edu/aberlind/Groups mock catalogs for this purpose. Specifically, we compute fractional errors from the dispersion among 10 independent mock catalogs for the M r20 sample (LANL1-5.Mr20 mocks × 1 HOD realization × 2 mocks per simulation cube), and 8 mock catalogs for each of the M r19 and M r18 samples (LANL1-4.Mr19/LANL1-4.Mr18 mocks × 1 HOD realization × 2 mocks per simulation cube). Note that we do not use multiple HOD realizations because the underlying halo populations themselves would not be independent. Before computing errors, we correct each mock catalog for fiber collisions and edge effects in the same way as in the data. The computed errors thus implicitly include any contribution from these correction procedures.
The SDSS multiplicity function shown in Figure 10 becomes very noisy at high richness because the abundance of groups drops with N and the figure uses richness bins with a width of unity. It makes more sense to increase the bin width with N so as to beat down the noise. Moreover, since we calculate errorbars for the multiplicity function using our mock catalogs, each richness bin must contain enough mock groups so that an errorbar can be reliably estimated. We choose richness bins for each group catalog so that each bin contains at least eight SDSS groups and twenty mock groups (among all mock catalogs used). At low multiplicities, the bin width is always unity because there are many groups with low N . At higher multiplicities, however, the richness bins grow wider in order to satisfy these criteria. The bin widths for samples M r20, M r19, and M r18, are listed in the first columns of Tables 5a, 5b, and 5c. Once a richness bin is defined, the abundance of groups in that bin, n grp (N ), is simply the number of groups having richnesses within the bin, divided by the sample volume and divided by the bin Fig. 11 .-Differential group multiplicity functions for SDSS groups. The three curves show ngrp(> N ) for groups identified in our three volume-limited samples: M r20, M r19, and M r18 (colors and line types are listed in the top-right corner of the panel). ngrp(N ) is measured in richness bins whose widths are chosen so that the bins contain a minimum of 8 SDSS groups and 20 mock groups. Points are placed at the mean richness of groups within each bin. Errors are shown for the M r20 sample and are estimated from the dispersion among 10 independent SDSS mock catalogs.
width. The values of n grp (N ) are listed in the second columns of Tables 5a, 5b, and 5c. We use the same richness bins to compute the abundance of mock groups for each independent mock catalog, and we compute errors, σ ngrp , in the SDSS multiplicity function by measuring the dispersion among the mock multiplicity functions. These errors are listed in the third columns of Tables 5a, 5b, and 5c. Finally, we also compute Poisson errors for the SDSS n grp (N ), which we list in the fourth columns of Tables 5a, 5b, and 5c. In some of the highest multiplicity bins, the Poisson errors are larger than the mock errors. In these cases, the mock errors are likely underestimated and it is best to use the Poisson errors in their place. Figure 11 shows the SDSS multiplicity functions for the three volume-limited samples, along with the mock errorbars for the M r20 sample. Though we measure and show the multiplicity function down to a multiplicity of N = 3, our tests with mock catalogs have shown that it is only unbiased with respect to the true halo multiplicity function for N ≥ 10. When using this measured multiplicity function to constrain the HOD, we must either only use bins with N ≥ 10, or attempt to calibrate the relation between the measured group multiplicity function and the true halo multiplicity function at lower values of N . The central curve of Figure 14 , discussed in the Appendix, effectively provides this calibration for M r20 and the cosmology adopted in our mock catalogs.
The multiplicity functions shown in Figure 11 appear to be close to power-law relations. In order to test this, we perform a simple power-law fit to each multiplicity function in the regime N ≥ 10. We use only the diagonal errors of the full covariance matrix (i.e., the errors listed in Tables 5a, 5b, and 5c). We find that all three multiplicity functions are well-fit by power-law relations, with best-fit slopes of −2.85 ± 0.10, −2.53 ± 0.10, and −2.66 ± 0.32 for the M r20, M r19, and M r18 samples, respectively.
SUMMARY AND DISCUSSION
We have used a simple friends-of-friends algorithm to identify galaxy groups in volume-limited samples of the SDSS redshift survey. We have selected FoF linking lengths that are best at grouping together galaxies that occupy the same dark matter halos. We based this choice on extensive tests with mock galaxy catalogs, which we constructed by populating halos in Nbody simulations with galaxies. The result of our mock tests is that no combination of perpendicular and lineof-sight linking lengths can yield groups that successfully recover all aspects of the parent halo distribution, even for large richness systems. Specifically, FoF cannot identify groups that simultaneously have unbiased abundances, projected sizes, and velocity dispersions. The ideal group-finding parameters for a given study depend on its scientific objectives. Given our objective of using the multiplicity function to constrain the HOD, it makes sense to sacrifice velocity dispersions and obtain groups with unbiased abundances and projected sizes. Our choice of linking lengths results in a group catalog that, for groups of ten or more members, has an unbiased multiplicity function, an unbiased median relation between the multiplicities of groups and their parent halos, an unbiased projected size distribution as a function of multiplicity, and a velocity dispersion distribution that is ∼ 20% too low for all multiplicities. We correct for fiber collisions and survey edge effects and present three SDSS group catalogs (for three different volume-limited samples) and their measured multiplicity functions.
It is important to recognize that our adopted group finder has the above properties only for halos defined using FoF with a linking length of 0.2 times the mean interparticle separation, since this is how halos were identified in our mock catalogs. A different halo definition (such as FoF with a different linking length, or spherical overdensity halos) would require a different set of optimal group-finding parameters. This is not a problem as long as the same halo definition is used consistently. For example, an HOD measured from these group catalogs will hold for this halo definition, and any theoretical model should use the same halo definition to compare its predictions to the measured HOD. We chose this particular halo finder because it has been widely used and tested, and the properties of the resulting halo distribution (e.g., mass function) are well understood.
The groups and clusters that we present here are intended to be systems of galaxies that belong to the same virialized dark matter halo. We can test whether these systems are virialized by computing crossing times for the groups and checking if they are sufficiently less than the Hubble time. We define the crossing time divided by the hubble time as
where R rms is the one-dimensional group radius, which is equal to the projected (two-dimensional) radius, R ⊥,rms , divided by the square root of two. We correct for the velocity dispersion bias revealed in our mock tests by applying a 20% upward correction to all group velocity dispersions, and we compute t cross /t H for all groups. We find that, for all three group catalogs, the median value of t cross /t H is ∼ 0.15, and 80% of all groups have values less than ∼ 0.29. These numbers can be interpreted in terms of the spherical infall model (Gunn & Gott 1972; Gott & Turner 1977a ), or other analytic or numerical models. However, at a first glance, the numbers are encouraging and suggest that most of our groups are likely virialized systems. The group and cluster catalogs presented here are wellsuited for testing many of the predictions and assumptions made by galaxy formation models regarding the relationship between galaxies and their underlying dark matter halos. We will investigate several of these issues in subsequent papers.
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APPENDIX
In this appendix, we describe the mock catalog tests that help us choose optimal FoF parameters. Since our primary goal for identifying groups is to measure the group multiplicity function and use it to constrain the HOD, we clearly require our FoF algorithm to produce groups that have an unbiased multiplicity function with respect to the true halo multiplicity function. In addition, we require an unbiased relation between the multiplicities of groups and their associated halos. Finally, we would like our groups to have unbiased projected size and velocity dispersion distributions as a function of multiplicity. We create a grid of FoF linking lengths and check how each set of linking lengths performs in the above tests, for each of the four HOD model mock cubes (.Mr20, .Mr20b, .Mr19, .Mr18 ). In the case of each HOD model, we average results over the 10 HOD realizations described in § 3 and over the LANL1 and LANL4 N-body simulations.
Before focusing on redshift space, we briefly examine how well FoF recovers the true multiplicity function in real space, since this represents the best possible case (any group finder will almost certainly perform worse in redshift space). We apply FoF to the real-space cube mocks using a single linking length (the linking volume around each mock galaxy is a sphere), and investigate how the recovered multiplicity function varies with the value of this linking length. In particular, we compare the mock group multiplicity functions to the input halo multiplicity functions that were used to construct the mock catalogs. Figure 12 shows this comparison for the .Mr20 mocks. The bottom panel of the figure shows the logarithm of the ratio of group to halo multiplicity function, and the horizontal solid line therefore denotes the "unbiased" case. The figure reveals that, at large N , the group multiplicity function has an unbiased shape that is independent of the choice of linking length (at least for the range of linking lengths shown). The amplitude, however, is dependent on the linking length used, with larger linking lengths leading to a higher abundance of groups at large N . A linking length of b = 0.2 (in units of the mean intergalaxy separation) yields a group multiplicity function with an unbiased amplitude at large N . This is not surprising given that the same value was used to identify dark matter halos in the N-body simulations while constructing mock catalogs.
At low N , the multiplicity function is highly biased, both in shape and amplitude. The abundance of groups relative to halos at a given multiplicity N decreases when FoF splits these halos into smaller groups or merges them to form larger groups. This decrease is countered by an increase due to the merging of smaller halos or the splitting of larger halos. The balance between these competing effects determines whether the multiplicity function is biased or not. For linking lengths near b = 0.2, merging dominates over splitting, which means that group abundances at a given multiplicity are mainly determined by a balance between halos at that N merging to yield larger groups and smaller halos merging to replenish the lost groups. However, this balance breaks at N = 1 because, while FoF merges N = 1 halos (i.e., isolated galaxies) to form larger groups, there are no smaller halos that can merge to replenish N = 1 groups. The abundance of N = 1 groups is therefore necessarily less than that of N = 1 halos (it can only be more if the linking length is so small -approximately b ∼ 0.1 -that single galaxy groups splinter off in large numbers from larger halos). Since most galaxies live in N = 1 halos (∼ 70% in these mock catalogs), merging a small fraction of them to form larger groups will fractionally increase the abundance of larger N = 2, 3, 4, etc. groups significantly. This is seen in Figure 12 : the abundance of N = 1 groups is lower than that of halos by ∼ 20% for b = 0.2, causing the abundance of N = 2 and N = 3 groups to be ∼ 50% higher. Only for N > 10 does the group abundance settle down and become unbiased. This behavior is a fundamental limitation of the FoF algorithm, and it has the consequence that group abundances can only be trusted for large multiplicity groups.
In redshift space, group finding is much more challenging because finger-of-god distortions stretch groups along the line-of-sight, making it more likely that single halos will be split into multiple groups and that neighboring halos will be merged into the same groups. Figure 13 illustrates these effects by showing the performance of FoF in a small slice through a single mock catalog (one HOD realization of the LANL4.Mr20 mock catalog). The top-left panel shows the mock galaxies in real space, with each N > 4 halo denoted by a unique color. The bottom-left panel shows the same galaxies in redshift space, where the line-of-sight is oriented along the z-axis of the mock cube. Large open circles have radii equal to the halo virial radii and are centered at the halo centers in real space, and the galaxy centroids in redshift space. We run our adopted FoF group-finder (described in § 4) on the redshift-space mock and denote each resulting N > 4 group with a unique color in the bottom-right panel. Finally, we show the group galaxies' real-space positions in the top-right panel. Large dotted circles are centered at the group centroids and have virial radii that are estimated by assuming a halo mass function and a monotonic relation between group multiplicity and mass. A visual comparison of the real-and redshift-space panels reveals many of the failure modes of FoF group-finding in redshift space. The halo denoted by green in the left-side panels is fairly well recovered by FoF as the group denoted by green in the right-side panels. However, a couple of halo galaxies are missed in group finding, such as the one whose velocity moved it the furthest away from the center of the halo. Most of the galaxies in the halo denoted by blue are linked together in the same group, also denoted by blue. However, many galaxies that do not belong to the "blue" halo are also linked to the same group. This is seen clearly in the top-right panel, where seven of the "blue" group galaxies' real-space positions place them well outside the halo. A similar thing occurs to the halos and corresponding groups denoted by magenta and cyan. Most of the galaxies in the large "red" halo are recovered correctly into the "red" group, but there are some galaxies added to this group that do not belong to the "red" halo, as well as a few galaxies that do belong to that halo, but have splintered off into a different group (denoted by dark green). Despite these imperfections, there is clearly a substantial correspondence between the groups identified by FoF and the true population of halos in this slice.
We now examine the relative multiplicity functions of groups and halos when the groups are identified in redshift space. If we use the same linking length in transverse and line-of-sight directions, finger-of-god distortions will cause halos to be split into multiple small groups along the line-of-sight. This is demonstrated by the dashed curve in Figure 14 , which shows the multiplicity function of groups identified with a single linking length of b = 0.2. The abundance of groups is vastly underestimated for N 5, and the effect grows with N because richer halos have higher velocity dispersions. We therefore need to use different linking lengths in the lineof-sight and perpendicular directions. We apply FoF to our redshift-space cube mocks for a grid of perpendicular and line-of-sight linking lengths and find that we can recover an unbiased multiplicity function at large N for the right combinations of linking lengths. Figure 14 shows one such combination (b ⊥ = 0.14, b z = 0.75) and demonstrates how the group multiplicity function changes with the line-of-sight linking length b z . Generally, larger linking lengths in either direction lead to a higher abundance of groups at large N . We record all linking length combinations that yield unbiased multiplicity functions in the large N regime and show the successful parameter space Moving counter-clockwise starting from the top left panel, the panels show: galaxies in dark matter halos in real space (top left), the same galaxies in redshift space (bottom left), galaxies in groups recovered using FoF (bottom right), and these group galaxies in their real-space positions (top right). In each case, galaxies in halos or groups with N > 4 are shown as colored points, with each halo or group represented by a unique color. Large open circles are centered on the halo or group centers and have radii equal to the halo virial radii (left panels) and the estimated group virial radii (right panels). in Figure 3 , as discussed in § 4.
Recovering an unbiased multiplicity function does not guarantee that the one-to-one relation between the multiplicities of halos and their recovered groups is also unbiased. We therefore also investigate this relation. As described in § 4, we associate each halo to the recovered group that contains the halo's central galaxy. Groups that contain central galaxies from more than one halo are associated with the halo with which they share the largest number of galaxies. Halos that end up not being associated with any group are considered "undetected," and groups that are not associated with any halo (i.e., they contain no halo central galaxies) are considered "spurious". Once we have associated mock groups oneto-one with their parent halos, we can look at the relation between the halo and group multiplicities (i.e., N true vs. N obs ). In addition, we can look at the fraction of halos that are detected and the fraction of groups that are spurious. Figure 15 shows how these relations depend on the line-of-sight linking length. The bottom panel of the figure shows one set of linking lengths (b ⊥ = 0.14, b z = 0.70) that yields an unbiased median relation between N true and N obs , but the scatter around this relation is large and quite asymmetric. 90% of groups at a Fig. 15 .-Effect of changing the FoF linking lengths on the relation between the distributions of input halo richness and recovered group richness in redshift space, measured using mock galaxy catalogs. Each input halo is matched one-to-one to a recovered group whenever possible; however, some halos have no corresponding group and some groups have no one-to-one parent halo. The top panel shows the halo completeness as a function of halo richness, i.e., the fraction of halos at each richness that can be matched one-to-one with a recovered group. The middle panel shows the spurious fraction of groups as a function of group richness, i.e., the fraction of groups at each richness that cannot be matched one-to-one with a parent halo. The bottom panel shows the relation between halo and group richness for halos and groups that are matched one-to-one. Middle curves show the median relation and outer curves show the 10 and 90 percentiles (they enclose 80% of the group-halo pairs). The area between these outer curves is shaded. In all panels, different colored curves show fixed perpendicular and different line-of-sight linking lengths, which are listed in the top panel in units of the mean inter-galaxy separation. To avoid confusion, the 10 and 90 percentile curves (as well as the shading between them) in the bottom panel are only shown for one of the linking length combinations. All results are averaged over twenty mock galaxy catalogs.
given N obs are associated with halos that have up to 40% higher and 60% lower N true . Increasing the line-of-sight linking length causes groups to grow and thus biases the median N true vs. N obs relation by tilting it toward larger N obs . As before, we record all linking length combinations that yield unbiased median relations between group and halo multiplicities, and we show the successful parameter space in Figure 3 .
The top panel of Figure 15 shows the completeness (fraction of halos that are associated one-to-one with groups) as a function of halo multiplicity N true , and the middle panel shows the spurious group fraction as a func- The bottom panel shows the same for the 1-dimensional line-ofsight velocity dispersion σv. In both panels, the black curves and shading show the size distributions of galaxy systems that occupy the same dark matter halo and thus represent the "true" cases. The sets of colored curves and shadings show the size distributions of recovered groups for fixed perpendicular and three different lineof-sight linking lengths, which are listed in the bottom panel in units of the mean inter-galaxy separation. Middle curves show the median relation and outer curves show the 10 and 90 percentiles. The area between these outer curves is shaded. All results are averaged over twenty mock galaxy catalogs. tion of group multiplicity N obs . Over a wide range of FoF linking lengths, the completeness for halos with N 5 is over 95%, and the spurious fraction for groups with N 5 is less than 5%. Increasing the line-of-sight linking length causes a drop in the halo completeness and a corresponding drop in the spurious group fraction, since more halos get linked to the same groups. For the final linking lengths that we use (see § 4), the halo completeness is greater than 97% and the spurious group fraction less than 1% for N 10. The high completeness and low spurious fraction are a result of how we associate groups to halos. Since we only require a group to have a halo's central galaxy in order to be associated with it, most groups and halos have one-to-one associations. If we used a more stringent criterion for group-halo association, for example by requiring that a group contain some minimum fraction of a halo's galaxies, then the halo completeness would be lower and the spurious group frac- Fig. 3 , but using the .Mr20b set of mock catalogs, which are constructed with a different input relation between halo richness and dark matter halo mass, as described in § 3. tion higher, but the scatter in N true vs. N obs would be reduced. The three panels of Figure 15 , put together, characterize the errors in the FoF group finder. Changing the definition for how groups are associated to halos does not change the errors in group-finding; it merely redistributes the errors among the three panels.
In addition to requiring that our groups have unbiased abundances and multiplicities, we would also like them to have unbiased size distributions. For every group in our redshift-space cube mocks, we measure the projected rms radius and the line-of-sight velocity dispersion of galaxies. We compare these to the projected rms radii and actual velocity dispersions of halo galaxies. Figure 16 shows the median, 10th, and 90th percentile projected Fig. 18. -Same as Fig. 3 , but using the .Mr19 set of mock catalogs, described in § 3. Fig. 3 , but using the .Mr18 set of mock catalogs, described in § 3. size and velocity dispersion as a function of multiplicity for halos, compared to that for groups identified with two different line-of-sight linking lengths. Increasing the line-of-sight linking length produces groups with higher velocity dispersions, but it has less impact on the projected size distributions. The opposite is naturally true when we increase the perpendicular linking length. Linking length combinations that yield groups with unbiased abundances and projected sizes tend to yield velocity dispersions that are biased low. This is illustrated in Figure 16 , which shows that the linking length combination b ⊥ = 0.14, b z = 0.7 yields groups with velocity dispersions that are ∼ 20% too low relative to halos. The line-of-sight linking length must be more than doubled to repair this bias, but then the abundances of groups would be too high. Figure 3 shows the linking length parameter space that satisfies each of the above tests. As discussed in § 4, there is no combination of perpendicular and line-of-sight linking lengths that yields groups with unbiased abundances, projected sizes, and velocity dispersions, even at high multiplicity. We choose to sacrifice velocity dispersions and adopt the parameters b ⊥ = 0.14, b z = 0.75. All the above tests and resulting choice of linking lengths were done using the .Mr20 mock catalogs. Since we plan to use our group catalog to constrain the HOD, it is vital that our choice of linking lengths does not depend sensitively on the input HOD assumed when constructing the mocks. For this reason, we repeat all the above tests with the .Mr20b mock catalogs, which use a different input HOD to model the same M r20 sample of SDSS galaxies. The results are shown in Figure 17 . It is clear that our adopted group finder performs equally well in both sets of mock catalogs, demonstrating that our choice of linking lengths is insensitive to the underlying HOD. It is also important to show how well our linking lengths work on lower luminosity galaxy samples, since we apply them to the SDSS M r19 and M r18 samples. We thus repeat our mock tests with the .Mr19 and .Mr18 mock catalogs and show the results in Figures 18 and 19 , respectively. The figures show that lower luminosity (higher density) samples require slightly higher line-of-sight linking lengths in order to retain unbiased multiplicity functions. However, this effect is small. When applied to the .Mr18 mock catalogs, our adopted linking lengths yield a multiplicity function that is 10% too low in amplitude. Overall, Figures 3, 17 , 18, and 19 demonstrate that our choice of linking lengths is fairly robust.
